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ABSTRACT
It is widely believed that magnetars could be born in core-collapse supernovae (SNe), binary neutron
star (BNS) or binary white dwarf (BWD) mergers, or accretion-induced collapse (AIC) of white dwarfs.
In this paper, we investigate whether magnetars could also be produced from neutron star–white dwarf
(NSWD) mergers, motivated by FRB 190824-like fast radio bursts (FRBs) possibly from magnetars
born in BNS/BWD/AIC channels suggested by Margalit et al. (2019). By a preliminary calculation, we
find that NSWD mergers with unstable mass transfer could result in the NS acquiring an ultra-strong
magnetic field via the dynamo mechanism due to differential rotation and convection or possibly via
the magnetic flux conservation scenario of a fossil field. If NSWD mergers can indeed create magnetars,
then such objects could produce at least a subset of FRB 190824-like FRBs within the framework of
flaring magnetars, since the ejecta, local environments, and host galaxies of the final remnants from
NSWD mergers resemble those of BNS/BWD/AIC channels. This NSWD channel is also able to well
explain both the observational properties of FRB 190824-like and FRB 180916.J0158+65-like FRBs
within a large range in local environments and host galaxies.
Keywords: Compact binary stars (283); Gravitational waves (678); Magnetars (992); Radio bursts
(1339)
1. INTRODUCTION
Fast radio bursts (FRBs) have remained an ex-
tragalactic enigma so far (Katz 2018; Popov et al.
2018; Petroff et al. 2019; Cordes & Chatterjee 2019)
since they were discovered by Lorimer et al. (2007),
Keane et al. (2012), and Thornton et al. (2013). They
are millisecond-duration coherent radio pulses with
average upper limits of the peak luminosity Lp ∼
1 × 1042 − 8 × 1044 erg s−1 and energy E ∼ 7 × 1039 −
2 × 1042 erg (Zhang 2018), characterized by a single
peak mainly or multiple peaks rarely (Champion et al.
2016; Farah et al. 2018; Prochaska et al. 2019), phe-
nomenally divided into repeating bursts (Spitler et al.
2016; CHIME/FRB Collaboration et al. 2019a,b;
Kumar et al. 2019; CHIME/FRB Collaboration et al.
2020) and non-repeating bursts. Up to date,
over 100 FRBs have been reported in the litera-
ture and collected in FRB Catalogue1 (Petroff et al.
2016). Meanwhile, to explain this radio phenom-
ena, dozens of progenitor models involved in com-
pact objects have been proposed (Kashiyama et al.
2013; Falcke & Rezzolla 2014; Lyubarsky 2014;
1 http://www.frbcat.org
Geng & Huang 2015; Dai et al. 2016; Gu et al.
2016; Wang et al. 2016; Zhang 2014, 2016, 2017;
Lyutikov et al. 2016; Metzger et al. 2017; Beloborodov
2017; Deng et al. 2018; Margalit & Metzger 2018;
Metzger et al. 2019; Beloborodov 2019), accounting for
non-repeating and/or repeating FRBs. A full model list
can refer to Platts et al. (2019)2.
One interesting group of models relevant to a
young flaring magnetar with single or clustered flares
have been proposed to give rise to non-repeating
or repeating bursts, respectively (Lyubarsky 2014;
Katz 2016; Beloborodov 2017; Metzger et al. 2017;
Kumar et al. 2017; Lu & Kumar 2018; Metzger et al.
2019; Beloborodov 2019). One of them has been
developed to successfully explain nearly all observa-
tional properties of FRBs such as polarization, ro-
tation measure (RM) (Michilli et al. 2018), frequency
downward drift (Hessels et al. 2019), persistent radio
source and optical counterpart (Chatterjee et al. 2017;
Tendulkar et al. 2017), circum-burst dispersion measure
(DM), and the “dark periods” between bursts and clus-
tered burst arrival times appearing in FRB 121102 and
2 http://frbtheorycat.org
2 Zhong & Dai
its hosted low metallicity dwarf star forming galaxy
and its surrounding dense, highly magnetized, and
dynamic plasma environment (Chatterjee et al. 2017;
Tendulkar et al. 2017) within the framework of syn-
chrotron maser emission from decelerating relativis-
tic blast waves produced by flare ejecta from young
magnetars (Metzger et al. 2019). In this framework,
repeating FRBs similar to FRB 121102 are arise
from young and very active millisecond magnetars
quite possibly connected with superluminous super-
novae (SLSNe) and long-duration gamma-ray bursts
(LGRBs) (Metzger et al. 2017). Therefore, young mag-
netars giving rise to FRB 121102-like FRBs might be
formed during the core-collapse of massive stars associ-
ated with SLSNe or LGRBs (SLSNe/LGRBs channels).
On the other hand, young millisecond magne-
tars could also be born in binary neutron star
(BNS) mergers (Rosswog et al. 2003; Price & Rosswog
2006; Giacomazzo & Perna 2013), binary white dwarf
(BWD) mergers (King et al. 2001; Yoon et al. 2007;
Schwab et al. 2016), or accretion-induced collapse
(AIC) of white dwarfs (WDs) (Nomoto & Kondo 1991;
Tauris et al. 2013; Schwab et al. 2015). These magne-
tars could produce FRBs analogous to FRB 180924,
as suggested by Margalit et al. (2019). Compared with
FRBs created from magnetars born in SLSNe/LGRBs
channels, the FRBs produced from magnetars born in
BNS/BWD/AIC channels could have a distinct obser-
vational properties. Just like FRBs 180924 and 190523,
likely as well as FRB 181112 (Prochaska et al. 2019),
they host an old massive galaxy with a relatively low
rate of star formation and relatively high metallicity, lie
in a large spatially offset location relative to the cen-
tral containment region of the galaxy, and have low
DM and RM contributions from the host galaxy and
no bright persistent radio source (Bannister et al. 2019;
Ravi et al. 2019). If this is the case, FRBs could be
divided into two populations: FRB 121102-like bursts
stem from young magnetars born in SLSNe/LGRBs
channels, while FRB 180924-like cases come from those
young magnetars born in BNS/BWD/AIC channels.
Additionally, most FRB 180924-like bursts should also
be repeating in the flaring magnetar framework due to
the event rate comparison between magnetars and to-
tal FRB events (Nicholl et al. 2017; Margalit et al. 2019;
Ravi 2019), which is supported by FRB 171019 followed
by faint bursts (Kumar et al. 2019).
In this paper, we investigate whether or not FRB
180924-like bursts are also likely to be generated
by magnetars born in an alternative possible chan-
nel: NSWD mergers. This channel has also been
briefly mentioned and/or discussed by Liu (2018, 2020),
Khokhriakova & Popov (2019), and Beloborodov (2019)
previously. To answer this question, we need to study
(1) whether this channel can form magnetars or not, and
(2) if it can, whether the formed magnetars can account
for the observations of FRB 180924-like bursts in the
flaring magnetar framework. If this channel can indeed
form magnetars, it could increase the magnetar event
rate to some extent and contribute to at lease a subset
of FRBs similar to FRBs 180924, 190523, 181112, and
even 180916.J0158+65. In the following, we organize
the structure of the paper: §2 introduces the possibility
and speculation that NSWD mergers could form mag-
netars; whether or not the NSWD channel can explain
the observations of FRB 180924-like cases is discussed
in §3; and a summary and discussion are presented in
§4.
2. MAGNETARS FROM NSWD MERGERS
The explosive outcomes of NSWD mergers have
been explored in the literature (Metzger 2012;
Margalit & Metzger 2016, 2017; Zenati et al. 2019a,b;
Ferna´ndez et al. 2019), but the final remnants
of these events have been little investigated (see
Paschalidis et al. 2011a,b; Margalit & Metzger 2016).
Generally, there are two evolutionary pathways for
NSWD binaries, which depend on the critical mass
ratio qcrit = MWD,crit/MNS, where MWD,crit is the crit-
ical WD mass and MNS is the NS mass. The first
pathway is that the WD fills its Roche lobe and its
matter undergoes stable mass transfer to the NS if
q < qcrit, evolving into an ultra-compact X-ray bi-
nary. The second pathway is that the WD is tidally
disrupted by the NS via unstable mass transfer on a
rather short dynamical timescale for q > qcrit, lead-
ing to an NSWD merger (Hjellming & Webbink 1987;
Hurley et al. 2002). The critical mass ratio is related
to the critical WD mass MWD,crit, which is found to
be MWD,crit = 0.37 M⊙ (van Haaften et al. 2012) or
MWD,crit = 0.2 M⊙ (Bobrick et al. 2017). Thus an
NSWD merger with q > qcrit is in the case of un-
stable mass transfer. Toonen et al. (2018) pointed
out that over 99.9% of semi-detached NSWD systems
would merge when MWD,crit = 0.2 M⊙, which indicates
that the NSWD merger is a prevalent fate of semi-
detached NSWD binaries. After an NSWD merger, as
shown by Paschalidis et al. (2011a,b), the final rem-
nant both in the inspiraling case and in the head-on
case is a spinning Thorne-Zytkow-like object (TZIO)
(Thorne & Zytkow 1977) surrounded by a massive ex-
tended hot disk composed of WD debris without ex-
plosive outcomes. Considering the disk winds and nu-
clear burning, Margalit & Metzger (2016) suggested an
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NSWD merger likely forms an isolated millisecond pul-
sar surrounded by an accretion disk at the final stage.
Whether these final remnants evolve into magnetars
or not has received less attention. How the magnetic
fields of the final remnants evolve remains unknown.
Fortunately, it has been suggested that the ultra-strong
magnetic fields in magnetars may result from two main
scenarios (for a review see Turolla et al. 2015). Al-
though these two scenarios are mainly used for nascent
NSs born in SLSNe/LGRBs/BNS/BWD/AIC channels,
we guess that they might also be used for “renascent”
(magnetic field undergoes amplification) NSs formed in
the NSWD channel.
2.1. α− ω Dynamo
The first scenario that we consider is magnetic field
amplification by a vigorous dynamo action at the
early, highly convective stage of the NSs after merg-
ers: the α dynamo arising from the coupling of con-
vective motions and rotation, and the ω dynamo driven
by differential rotation (Duncan & Thompson 1992;
Thompson & Duncan 1993). For an NSWD merger, the
magnetic field of the NS remnant surrounded by a mas-
sive disk may either increase via a dynamo winding-up
process (as suggested by Paschalidis et al. 2011b) or de-
crease through an enhanced Ohmic dissipation of ac-
creted matter in the NS’ crust (Urpin & Konenkov 1997;
Konar & Bhattacharya 1997; Cumming et al. 2004),
somewhat similar to the finding of Sun et al. (2019).
We discuss whether this finding is true in the follow-
ing. Bobrick et al. (2017) showed that NSWD merg-
ers exhibit an exponentially increasing rate of mass
transfer during different phase transitions (see Figure
12 in Bobrick et al. 2017), and the NSWD mergers
in which the WDs have a higher mass would have a
shorter dynamical timescale between the onset of sig-
nificant mass transfer and the final merger (e.g., only
tdyn ∼ 10
−3(10−5) yr ∼ 3 × 104(3 × 102) s for WD
mass ∼ 0.75(1.2) M⊙, see Figure 13 in Bobrick et al.
2017). However, it is not true that the maximal rate
of disk accretion onto the final NS in Figures 11 and
12 of Bobrick et al. (2017) is limited by the Edding-
ton rate since the disk accretion of NS can be highly
super-Eddington. If the majority of mass is lost via a
disk wind or possible a jet in the mass transfer pro-
cess and only 0.05 M⊙ can be accreted onto the NS,
as discussed in Margalit & Metzger (2016) for a WD
with mass 0.6 M⊙ (close to 0.75 M⊙), the NS would
accrete the disk material onto its surface with an aver-
age rate M˙ ∼ 10−6 M⊙ s
−1 during the short dynam-
ical timescale ∼ 3 × 104 s. In this case, the accretion
of the final NS surrounded by a massive disk may let
it differentially and rapidly rotate, as possibly shown
by the simulation results of Paschalidis et al. (2011b),
even if Paschalidis et al. (2011b) did not take into ac-
count explosive outcomes. Moreover, during this short
dynamical timescale, transient Ohmic dissipation of the
final NS could be ignored, see an estimate in Sun et al.
(2019) and Equation (9) of Urpin & Konenkov (1997).
Therefore, we just need to focus on the magnetic field
amplification of the final NS that accretes the WD de-
bris material from the disk during the merger. Owing
to the lack of previous studies of the magnetic field
evolution of NSWD mergers with unstable and rapid
mass transfer, we perform only a preliminary analysis
on the α − ω dynamo induced by possible differential
rotation and/or convection that can amplify the NS’
magnetic field during the NSWD mergers. In the fi-
nal paragraph of this subsection, we would also discuss
the dynamo induced by the magneto-rotational instabil-
ity (MRI) (Balbus & Hawley 1998) in the disk that also
might contribute to the NS’ magnetic field amplification.
We assume that the final NS with differential rotation
induced by accretion has two components: the core and
the shell divided by a boundary at the radius Rc ∼= 0.5R
(where R is the NS radius), as done by Dai et al. (2006),
its accretion can be generally determined by the Alfve´n
radius
rm=(BsR
3)4/7(GM)−1/7M˙−2/7
=5.3
(
Bs
1012 G
)4/7(
R
12 km
)12/7(
M
1.4 M⊙
)−1/7
×
(
M˙
10−6 M⊙ s−1
)−2/7
km, (1)
where Bs, R,M , and M˙ are the surface magnetic dipole
field strength, radius, mass, and accretion rate of the
NS, respectively, and the corotation radius
rc=
(
GM
Ω2s
)1/3
=
(
GMP 2s
4π2
)1/3
=7.8× 103
(
M
1.4 M⊙
)1/3(
Ps
10 s
)2/3
km, (2)
where Ωs = 2π/Ps and Ps are the angular velocity and
spin period of the NS’ shell, respectively. One additional
key radius is the light cylinder radius,
rlc = c/Ωs = 4.8× 10
5
(
Ps
10 s
)
km. (3)
One expects that in the case of rm < rc < rlc for a
normal NS in an NSWD merger with Bs = 10
12 G,
M = 1.4M⊙, R = 12 km, Ps = 10 s, as well as an accre-
tion rate M˙ = 10−6 M⊙ s
−1, disk material is column-
accreted onto the NS’ surface and leads to the NS’ shell
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to spin up (Frank et al. 1992). Following Piro & Ott
(2011) and Dai et al. (2006), the time-dependent angu-
lar velocity for the NS’ shell can be solved by
Is
dΩs
dt
= Nacc −Ndip −Nmag, (4)
where Is is the moment of inertia of the shell, and (1)
Nacc is the accretion torque described by, when rm < R
for a normal NS from Equation (1),
Nacc =
(
1−
Ωs
ΩK
)
(GMR)1/2M˙, (5)
where ΩK =
(
GM/R3
)1/2
; (2) Ndip is the magnetic
dipole radiation torque for accreting NSs with rm < rlc,
enhanced over the standard dipole torque by a factor
of (rlc/rm)
2 > 1 due to the enhanced open magnetic
field lines via the compression of the magnetosphere
(Parfrey et al. 2016; Metzger et al. 2018).
Ndip=
2B2sR
6Ω3s
3c3
(
rlc
rm
)2
=
2Ωs
3c
(BsR
3)6/7(GM)2/7M˙4/7; (6)
(3) Nmag is the magnetic torque acting between the core
and shell, written as
Nmag =
2
3
R3cBrBφ, (7)
where Br = Bs/ǫ (here, ǫ is defined by the ratio of the
effective surface dipole field strength to the radial field
strength) and Bφ are the radial magnetic field compo-
nent and toroidal field component, respectively. They
can be related to each other by
dBφ
dt
= (∆Ω)Br ≡ (Ωc − Ωs)Br, (8)
where ∆Ω is the differential angular velocity and Ωc is
the NS’ core angular velocity. On the other hand, the
time-dependent angular velocity for the NS’ core can be
solved by3
Ic
dΩc
dt
= Nmag, (9)
3 Please note that the right term of Equation (9) has no negative
sign, differing from Equation (3) in Dai et al. (2006) because the
magnetic field is amplified via the differential angular velocity
resulted from the angular momentum transport of the accreting
material onto the NS’ shell rather than the angular momentum
loss of the core for an accreting NS system we consider here.
The same reason for the right term of Equation (4) in this paper
differs from Equation (2) in Dai et al. (2006).
where Ic is the moment of inertia of the core. Through
Equations (4), (8), and (9), we can solve Ωs, Ωc, ∆Ω,
and Bφ as illustrated in Figure 1 via numerical cal-
culation, combining Equations (5) and (7). To obtain
these results, we have also employed: (1) typical values
for a normal NS in an NSWD merger: M = 1.4 M⊙,
R = 12 km, initial period Ps,0 = 10 s, Bs = 10
12 G,
Is ∼= Ic ∼ 10
45 g cm2, ǫ = 0.3 (Dai et al. 2006), as
well as an accretion rate M˙ = 10−6 M⊙ s
−1, such that
the term Ndip can be ignored in comparison with Nacc
even if Ps possibly reaches down to its break-up limit
Ps,min = 0.96 ms (Lattimer & Prakash 2004); (2) ini-
tial conditions: Ωs,0 = 2π/Ps,0, Ωc,0 = (1 + A0)Ωs,0
(the initial angular velocity of the core Ωc,0 should be
larger than that of the shell Ωs,0 for a normal NS),
A0 = 10
−3 related to a small residual differential ro-
tation, and Bφ,0 ∼ 10
8 G; (3) boundary conditions:
Ωs <= Ωs,max = 6541 due to Ps,min = 0.96 ms,
Ωc < Ωc,max = c/Rc, and Bφ < Bφ,max = 10
17 G be-
cause of the buoyancy effect. From Figure 1, we can
acquire
• The top panel shows that the angular velocity of
the shell gradually increases up to its limit at
about 200 s and lasts this till the end of the dy-
namical process. While the angular velocity of the
core reverses (rotating in an opposite direction) at
about 50 s and its absolute value rapidly rises to
a very large value c/Rc
4 at around 1000 s. This
is because the toroidal magnetic field Bφ reverses,
as in the bottom panel. The evolution of the dif-
ferential angular velocity ∆Ω follows the angular
velocity of the core.
• In the bottom panel, the toroidal magnetic field Bφ
rapidly declines to zero and then reverses before
0.1 s, its absolute value continues going up to the
buoyancy limit 1017 G at about 150 s.
In short, these results manifest the toroidal magnetic
field can be enhanced during the dynamical timescale
as long as the initial remnant NS in an NSWD merger
has a small residual differential rotation. Additionally,
during the field amplification, the spin-down torqueNdip
responds to the magnetic dipole radiation luminosity
Ldip=NdipΩs
=
2Ω2s
3c
(BsR
3)6/7(GM)2/7M˙4/7, (10)
4 The core angular velocity Ωc exceeds the break-up limit of the
shell is reasonable since this break-up limit should not be that of
the core angular velocity. Instead, its limit should be c/Rc.
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Figure 1. The evolution of the angular velocities of the shell
and the core and the differential angular velocity ∆Ω (top
panel), and the torodial magnetic field Bφ (bottom panel) of
the NS in an NSWD merger during the dynamical timescale
tdyn = 3× 10
4 s.
which follows the evolution of the angular velocity of the
shell, as displayed in Figure 2. This Poynting flux could
generate a high energy (X-ray/γ-ray) transient lasting
hundreds to thousands of seconds via magnetic dissi-
pation with brightness up to Ldip,peak ∼ 10
46 erg s−1,
which is likely similar to an X-ray transient source
named CDF-S XT2 discovered by Xue et al. (2019).
Besides the differential rotation, Duncan & Thompson
(1992) and Thompson & Duncan (1993) suggested
that a key parameter for the success of α − ω dy-
namo is the Rossby number RO relevant to convec-
tion (the ratio of the rotation period to the convec-
tive overturn time). An efficient dynamo result needs
RO ∼ 10(P/10 ms)(F/10
39 erg cm−2 s−1)1/3 ≤ O(1)
(where F is the entropy-driven convection heat flux).
10−2 10−1 100 101 102 103 104
tdyn(s)
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
L d
ip
(e
rg
s−
1 )
Figure 2. The magnetic dipole radiation evolution of the
NS in an NSWD merger during the dynamical timescale.
This type of convection usually occurs in a nascent NS
left behind the collapse of a massive star, a BNS/BWD
merger, or an AIC of a WD with a negative radial
entropy gradient from the interior to the outer layers
(Thompson & Duncan 1993), but should not occur in
the old NS in an NSWD system. However, for the ac-
creting NS in an NSWD merger, its surface should be
covered by an accreting envelope with tidal WD debris
via magnetically channeled accretion. Under this condi-
tion, the accretion flow can produce heat radiation due
to the shock heating (see Appendix in Piro & Ott 2011),
its temperature is Tsh ∼ 8 × 10
9 K, if M = 1.4 M⊙,
R = 12 km, Bs = 10
12 G, and M˙ = 10−6 M⊙ s
−1
are considered (for the detailed derivation please refer
to Equation (A1) in Zhong et al. 2019). Therefore, the
shock heat cannot escape via neutrino cooling (since a
low temperature cannot induce neutrino emission) or
photon diffusion (since photons are trapped and ad-
vected due to the high accretion rate). Throughout
the large and radiatively inefficient accreting envelope,
convection may be an important source of outwards
energy transport (e.g. Quataert & Gruzinov 2000). In
this case, the energy flux due to convection in the
absence of bulk of motion or angular momentum trans-
port should be from gravitational potential energy flux
Fc ∼ GMM˙/(4πR
3). If the magnetic field of the NS
can be enhanced by this convection, the magnetic field
could reach to its buoyancy value 1017 G (please note
that B2c/(8π) < Fctdyn ∼ [GMM˙/(4πR
3)]tdyn and
thus Bc < 1.0 × 10
20 G) under the parameter values
M = 1.4 M⊙, R = 12 km, M˙ ∼ 10
−6 M⊙ s
−1, and
tdyn = 3 × 10
4 s, although the real circumstance could
be more complex.
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Differing from the differential rotation and convec-
tion processes occur in the accreting NS of the NSWD
merger, an alternative potential process, MRI, possibly
occurs in the disk due to the presence of shear, like
the disk dynamo in common envelope events for the
formation of highly magnetic WDs (Tout et al. 2008;
Nordhaus et al. 2011). This process amplifies the disk
field, and the field then would be convey to the surface
of the NS along with the radiatively inefficient magnet-
ically channeled accretion flow. The disk dynamo for
WDs in the super-Eddington regime (Nordhaus et al.
2011) should also be suitable for the accretion disk in the
NSWD merger. Accordingly, based on Blackman et al.
(2001) and Nordhaus et al. (2011), the mean toroidal
field via the MRI in the disk at radius r is estimated by
B¯φ∼
(
M˙ΩK
r
r
H
)1/2
=6× 1012
(
M˙
10−6 M⊙ s−1
)1/2(
M
1.4 M⊙
)1/4
×
( r
12 km
)−5/4(r/H
2
)1/2
G, (11)
where ΩK = (GM/r
3)1/2 is the Keplerian rate the disk
orbits, H is the isothermal scale height of the disk. This
process can enhance the magnetic field of the NS but
could not result in a magnetar-like field.
2.2. Fossil Field
The second scenario that we consider is
magnetic flux conservation—fossil field scenario
(Ferrario & Wickramasinghe 2006, 2008), which sig-
nifies that the magnetic fields of the NSs and/or the
WDs in NSWD binaries should be stronger than nor-
mal NSs and/or WDs. Although it is hard to imagine
that the progenitors in binary compact stars possess
a very strong magnetic field since such strong mag-
netic fields likely decay on much shorter timescales
∼ 104−5 year (Heyl & Kulkarni 1998; Harding & Lai
2006) than the merger lifetime. However, there may
be some speculating clues. For instance, the precur-
sor of GRB 090510 is likely related to a magnetar-like
magnetic field (B > 1015 G in Troja et al. 2010) of the
NS in the progenitors if the precursor stems from the
magnetospheric interaction of the NSs. Furthermore,
the merger lifetimes can also be much shorter than the
inspiral times for a sizable fraction of double NS mergers
in some population synthesis models (Belczynski et al.
2002, 2006). After the merger lifetimes, the magnetic
fields should have decayed by only a factor of a few, as
illuminated in Troja et al. (2010). This result should be
suitable at least for a small fraction (a few times 0.1%)
of NSWD mergers, since the supernova producing NS
precedes the NSWD merger (in which the WD forms be-
fore the NS for the majority of NSWD mergers) by less
than 100 years, as suggested in Toonen et al. (2018).
Whether or not these scenarios can enhance the mag-
netic fields of final NSs post NSWD mergers still lacks
evidence both in numerical simulations and observa-
tions. Accordingly, for the problem of the fate of the
remnants’ magnetic fields post NSWD mergers, there
should need some deep and complex exploration and
magnetohydrodynamics simulations for the magnetic
field evolution of the remnants.
3. EXPLANATIONS TO OBSERVATIONAL
PROPERTIES OF FRB 180924-LIKE BURSTS
If FRB 180924-like bursts can be produced from
magnetars born in NSWD mergers, this NSWD chan-
nel should be able to explain all of the observational
properties of this FRB population, as well as event
rate, host galaxy and offset, and circumburst environ-
ment. Due to the similarities between NSWD chan-
nel and BNS/BWD/AIC channels, we manly follow
Margalit et al. (2019) to analyze and discuss this NSWD
channel, which are shown as follows.
(1) Active Lifetime. The mass of magnetars formed
from NSWD mergers, Mmag, could be smaller than or
close to the maximal mass of a non-rotating NS MTOV,
given a critical WD mass MWD,crit = 0.37 M⊙ or
MWD,crit = 0.2 M⊙ for unstable mass transfer, and a
canonical NS massMNS = 1.4M⊙. However, these mag-
netars should have a lower mass than those born in the
BNS channel, but likely a higher mass than those born in
SLSNe/LGRBs or BWD/AIC channels. Moreover, the
massMmag should also exceed or approach to the thresh-
old mass for the onset of direct or modified URCA neu-
trino cooling (Beloborodov & Li 2016). As pointed out
by Margalit et al. (2019), such magnetars may possess
sufficiently high central densities (or high temperatures)
to activate URCA cooling in their cores. Otherwise,
their magnetic dissipation in the core is caused predom-
inately by ambipolar diffusion (Goldreich & Reisenegger
1992; Thompson & Duncan 1996), which is sensitive to
the core temperature. Since the core temperature de-
pends on its URCA cooling at early times of mag-
netar formation, their magnetic activity timescale in
the direct URCA cooling (high-mass NS) and mod-
ified URCA cooling (normal-mass NS) can be esti-
mated as tmag ∼ B
−1
16 L
3/2
5 20 yr (700B
−1.2
16 L
1.6
5 yr) for
high-mass NS (normal-mass NS) (see Equation 33 of
Beloborodov & Li 2016). This would correspond to a
magnetic energy dissipation with an average luminos-
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ity Lmag ∼ 5 × 10
40B316 erg s
−1 (1039B3.216 erg s
−1)
for high-mass NS (normal-mass NS) (see Equation 2 of
Margalit et al. 2019), which is just lower than the peak
luminosities of FRBs by two to four orders of magnitude
(Zhang 2018).
During the active lifetimes of magnetars, they there-
fore produce ∼ 100 repeating bursts resulting from rel-
ativistic blast waves caused by giant flares with lumi-
nosity higher than Lmag by several orders of magnitude
enough to satisfy the event rate of FRBs (Ravi 2019).
Because the active lifetimes are several tens to several
hundreds of years, the “dark period” between bursts
can be averagely up to years to several tens of years,
there should be have different local DMs between bursts
even they stem from a same source. Under this con-
dition, we might regard them as different bursts from
different sources rather than repeating bursts from a
same source, e.g., two possible cases FRBs 110220 &
140514 (Piro & Burke-Spolaor 2017), and FRBs 160920
& 170606. Therefore, it is easy to understand that re-
peating bursts of FRB 190824 have not been detected
during a relatively short follow-up observation. This is
also supported by the bright FRB 171019 followed by
faint bursts (Kumar et al. 2019).
(2) Burst Transparency. In the framework of flaring
magnetars, bursts can escape only when the surround-
ing material is free-free transparent for radio frequency
∼ GHz. Similar to BNS/BWD mergers and AIC, there
should also be ejecta surrounding the “renascent” mag-
netars for the NSWD channel, which may also give rise
to observable explosive transients. The ejecta consists
of the WD debris disk and the accretion-driven outflow
with velocity extending up to ∼ 3× 104 km s−1 = 0.1c,
with overall low mass of 0.01 − 0.1 M⊙ (Zenati et al.
2019b). If the free-free optical depth of ejecta for
which the temperature and ionization state are gov-
erned by photo-ionization due to spin-down of the “re-
nascent” magnetar, as handled in Margalit et al. (2019),
the free-free transparency time could be tff ∝ M
2/5
ej v
−1
ej
for a fixed ionization fraction (see Equation (18) in
Margalit et al. 2018). This result should be compa-
rable to BNS mergers, e.g., Mej ∼ 0.05 M⊙ and
vej ∼ 0.2c inferred from kilonova emission accompany-
ing GW170817 (Cowperthwaite et al. 2017; Kasen et al.
2017; Villar et al. 2017). Hence, FRBs can pass through
the ejecta quickly and escape in just about a few weeks
to months post magnetar formation, compared with
tff ∼ 10− 100 yr for SLSNe (Margalit et al. 2018).
(3) Circumburst DM. The circumburst DM contri-
bution of ejecta to the burst should be akin to that
of BNS/BWD/AIC channels, can be calculated by
(Margalit et al. 2019)
DMej ≈
3Mej
8πmp (vejt)
2 ≈ 5 pc cm
−3Mej,−1β
−2
ej t
−2
yr , (12)
where Mej,−1 = Mej/0.1 M⊙, βej = vej/c and tyr =
t/1 year. For ejecta post NSWD mergers, Mej ∼ 0.01−
0.1M⊙ and vej ∼ 0.1c, so DMej ∼ 50−500 pc cm
−3 t−2yr .
If the radio frequency is transparent after one month,
DMej would decrease to 5 × 10
3−4 pc cm−3. For
the case FRB 190824, it has a mean contribution by
host galaxy DMhost 30 − 81 pc cm
−3 (Bannister et al.
2019). The contribution by its ejecta should be
smaller than DMhost. If so, FRB 190824 should es-
cape from the ejecta at least one year later mag-
netar born in the NSWD channel, in which time
the radio frequency is already transparent. By the
way, most of repeating FRBs have a nearly invari-
able DM for long-term observations (Spitler et al.
2016; CHIME/FRB Collaboration et al. 2019a,b;
Kumar et al. 2019; CHIME/FRB Collaboration et al.
2020) signify the DM contribution from their ejecta has
declined close to zero several years to several hundreds
of years after their magnetar formation.
(4) RM. According to Margalit et al. (2018), the max-
imal contribution to the RM is primarily caused by
a nebula in which the cooled electrons and magnetic
field injected by magnetar flares in the distant past
and confined by the SN ejecta (Beloborodov 2017;
Margalit & Metzger 2018). It is given by
RM =
e3
2πm2ec
4
∫
neB‖ds ≈
3e3
8π2m2ec
4
NeBn
R2n
(
λ
Rn
)1/2
,
(13)
where the total number of electrons in the nebula
Ne = ξEmag, (14)
the magnetic field strength in the nebula
Bn ≈
(
6ǫBEmagabs(α− 1)
R3n
)1/2(
t
tmag
)(1−α)/2
, (15)
and the nebula size Rn is set by the outer ejecta radius
Rn = vejt, (16)
and λ is correlation length-scale of the magnetic field
in the nebula, ǫB is the ratio of the magnetic energy in
the nebula to the magnetic energy injected in relativistic
particles over an expansion time t, α is the decay index
related to the average magnetic luminosity of the mag-
netar, and ξ is the average ratio of the number of ejected
baryons to the released magnetic energy (Beloborodov
2017). If given ǫB = 0.1, ξ = ξmax ≈ 4 × 10
3 erg−1,
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Emag ≈ 3 × 10
49 erg (Beloborodov & Li 2016), vej =
0.1c, λ ∼ Rn, and α = 0, motivated by magnetic-
dissipation-powered FRB models (Margalit et al. 2018)
for a magnetar formed from NSWD channel, its RM
is just ∼ 12 rad m−2 at the time t ∼ 10−1tmag, as-
suming tmag ∼ 100 yr. Moreover, its RM decreases
with time. These results are generally consistent with
Margalit et al. (2019) and the RM observation of FRB
190824 (Bannister et al. 2019).
(5) Persistent Radio Source. The persistent radio
emission arising from the NSWD channel should also be
analogous to that from BNS/BWD/AIC channels, due
to the similar properties of their nebula and ejecta. Ac-
cordingly, it is no evidence for persistent radio emission
in FRB 190824 that can be easily understood using syn-
chrotron radiation in the nebula confined by the ejecta,
based on Figure 3 of Margalit et al. (2019).
(6) Host Galaxy. Metzger (2012) suggested that
NSWD mergers involving pure-He WDs could be related
to faint type Ib Ca-rich SNe, which mostly explode in
early-type galaxies and old environments (Perets et al.
2010; Kasliwal et al. 2012; Lyman et al. 2013). On
the contrary, those mergers relevant to C/O or hy-
brid C/O/He WDs are likely associated with the tran-
sients most similar to type Ic SNe (Toonen et al. 2018;
Zenati et al. 2019b). Moreover, Toonen et al. (2018)
showed that only a small fractions are expected to be
found in early type elliptical/S0 galaxies, while a large
subset of NSWD mergers are most likely to be found in
late-type, disk, and star-forming galaxies since the de-
lay time distribution peaks at early times (< 1−2 Gyr).
This is because they argued that hybrid WD mergers
are more common than pure He WD mergers. They
also obtained that the offsets of NSWD mergers, de-
pending on the stellar density of host galaxies, could
range from small offsets due to a low escape velocity
for those in dwarf galaxies to very large offsets of up
to a few hundred kiloparsecs for those including NS na-
tal kicks. However, it is still possible that some Ca-
rich transients originate from He WD mergers, while
more massive NSWD mergers give rise to some kind
of fast-evolving Ic-like transients (Margalit & Metzger
2016; Ferna´ndez et al. 2019). Therefore, we can see the
host galaxies of NSWD mergers are in a large range. In
this case, there should be a subset of galaxies hosted by
NSWD mergers to satisfy the properties of host galaxies
of FRB 190824-like bursts. Thanks to the large range
in local environments and host galaxies, however, this
channel can also account for the properties of local en-
vironment and host galaxy of FRB 180916.J0158+65,
i.e., this FRB locates at a star-forming region in a mas-
sive spiral galaxy (Marcote et al. 2020).
(7) Event Rate. The volumetric event rate of NSWD
mergers is in a wide range of 0.5 − 1 × 104 Gpc−3yr−1
in the local universe, for which the upper bound is
∼ 5 × 103 − 1 × 104 times more than that of the
observed LGRBs (Thompson et al. 2009) but roughly
lower than that of FRBs by one order of magnitude
(Nicholl et al. 2017). Khokhriakova & Popov (2019) ob-
tained a roughly consistent result that the total rate
of NSWD mergers is ∼ 850 sky−1day−1 using cosmic
star formation history from Madau & Dickinson (2014),
which is approximately lower than the rate of FRBs
∼ 103−4 sky−1day−1 (Cordes & Chatterjee 2019) by one
order of magnitude. However, the fraction of NSWD
mergers generating magnetars is very unclear. If this
fraction is comparable to that of BNS mergers, i.e., 3%,
as estimated in Nicholl et al. (2017), the rate of mag-
netars formed from NSWD mergers is approximately
0.02−300 Gpc−3yr−1 in which the upper bound is com-
parable to the overall rate of millisecond magnetars born
in SLSNe/LGRBs and SGRBs—BNS channels, i.e., few
10 − 100 Gpc−3yr−1 in Nicholl et al. (2017). If this is
the case, magnetars formed from the NSWD channel
can contribute to at least a subset of FRB 190824-like
bursts. Due to a large uncertainty of the magnetar for-
mation rate in the NSWD channel, magnetars formed
from this channel are also required to emit several bursts
over their lifetimes, especially their active lifetimes, if all
of FRB 190824-like bursts result from magnetars, based
on Ravi (2019).
4. SUMMARY AND DISCUSSION
Assuming there are two FRB populations: FRB
121102-like bursts arise from magnetars born in
SLSNe/LGRBs channels while FRB 190824-like bursts
arise from magnetars born in BNS/BWD/AIC channels,
we have investigated whether FRB 190824-like bursts
could also arise from magnetars formed from the NSWD
channel, i.e., (1) whether magnetars can be formed from
NSWD mergers with unstable mass transfer, and (2) if it
can indeed, whether flaring magnetars formed from this
channel can explain the observations of FRB 190824-like
bursts such as their own characteristics, local environ-
ments, host galaxies, and event rate. We went into the
first question and speculated that there are two possible
scenarios to produce strongly magnetized “renascent”
NSs from NSWD mergers. The first scenario is mag-
netic field amplification by a vigorous α − ω dynamo
acting on the accreting NS surrounded by a massive ex-
tended hot disk composed of WD debris during the mass
transfer process. We performed a preliminary calcula-
tion and showed that the magnetic field of the final NS
could enhance via the dynamo induced by differential
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rotation and convection in/on the accreting NS, as well
as the MRI in the disk. The second scenario is mag-
netic flux conservation of a fossil field. This scenario
could contribute to a small fraction of NSWD binaries
in which the NSs are strongly magnetized and remain
their magnetic fields before coalescence. Whether or not
these scenarios can give rise to magnetars post NSWD
mergers still requires evidence from both numerical sim-
ulations and observations. As a result, there should need
some deep and complex exploration and magnetohydro-
dynamics simulations for the magnetic field evolution of
the remnants.
In any case, if the NSWD channel can create mag-
netars, it could produce FRB 190824-like bursts and
account for their properties over active lifetime, burst
transparency, circumburst DM, RM, persistent radio
source, host galaxy, and event rate within the framework
of flaring magnetars because the ejecta, local environ-
ments, and host galaxies of the final remnants from this
channel very resemble those of BNS/BWD/AIC chan-
nels. Otherwise, within a large range in local environ-
ment and host galaxy, this channel can also account for
the observational properties of FRB 180916.J0158+65
(Marcote et al. 2020): not only its properties similar to
FRB 190824 such as circumburst DM, RM, and per-
sistent radio source because of the similar ejecta, but
also its local environment and host galaxy differing from
FRB 190824.
In the future, an evident association between FRBs
and magnetars formed from NSWD mergers should need
an association of transients most similar to faint type Ib
Ca-rich SNe (Metzger 2012) or type Ic SNe (Zenati et al.
2019b), gravitational waves from NSWD during the in-
spiral and merger phase detected by eLISA or even
aLIGO/Virgo (Paschalidis et al. 2009), and FRBs, if
such bursts are indeed produced from flaring magnetars.
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